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Phase-mismatch effect due to polarization-dependent mode confinement factor has been shown to be no crucial 
problem in semiconductor optical amplifiers (SOAs) and is usually not accounted for. In this work, phase-mismatch 
four-wave mixing (FWM) process in SOA devices is experimentally reported. The results reveal a sinc-like behavior 
in the intensity of FWM conjugate as a function of wavelength separation between transverse electric 
(TE)/transverse magnetic (TM) pumps due to induced confinement factors difference. Efficient FWM occurred for a 
detuning shift of about 500 GHz, limited by phase-mismatch conditions and determined by coherence length 
required for low and high frequencies to complete a full phase-match cycle. Phase-match FWM with an infinity 
coherence length can be fulfilled by proper alignments of co-polarized TE/TM modes of input waves with respect to 
the birefringent axes of the device structure. © 2019 Optical Society of America 
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1. Introduction 1 Owing to their distinctive characteristics and compact-size, 2 semiconductor optical amplifiers (SOAs) devices have become key 3 candidates adding several advantages over other nonlinear tools [1], 4 one example of which is a refractive nonlinearity a 108 times larger 5 than that of an equal length of silica fiber, for an optical pulse of 100 6 ps duration [2]. SOAs enabled short interaction lengths of the 7 injected waves to achieve efficient Four-wave mixing (FWM) effect 8 [3]. Phase-match condition has been therefore shown to be no 9 crucial problem for FWM occurring in SOAs and phase mismatch is 10 usually not accounted for in the theory [4-7]. Optimum FWM in 11 nonlinear fibers and crystals requires phase-match conditions 12 between interacting waves at the output of medium, and thus many 13 techniques were proposed to realize phase-matched FWM [8]. 14 Highly non-degenerate FWM results that are limited by phase-15 mismatch effect due to transverse electric (TE) and transverse 16 magnetic (TM) confinement factor difference in SOAs have not yet 17 been observed. 18 Phase conjugation in SOAs requires phase-match condition of 19 FWM effect. Many years ago, Agrawal in his theoretical article [9] 20 modelled bidirectional counter-propagating FWM scheme to present 21 
optical phase conjugation in which probe and conjugate are 22 predicted to appear at the opposite ends of SOAs. Recently, optical 23 phase conjugation is demonstrated using counter-propagating cross-24 polarized single [10] and dual [11, 12]pumped FWM experiments in 25 SOAs. Narrow detuning performance in the efficiency of Bragg-26 scattering FWM has been demonstrated [10]. The phase-mismatch 27 FWM occurred due to intrinsic gain difference of SOAs caused by 28 Fabry-Perot (FP) ripples due to significant end-facets reflectivities. In 29 this work, we experimentally demonstrate phase-mismatch 30 dependence of conjugate intensity on wavelength separations 31 between FWM input waves in SOA devices due to the difference 32 between TE/TM confinement factors for the first time. In order to 33 maintain phase-match condition alongside the propagation direction 34 of SOAs, the TE/TM polarization modes of interacting waves must be 35 aligned carefully with reference to the birefringent axis of SOAs 36 structure [13], or orthogonal counter-propagating and polarized 37 pumping schemes should be adopted.  38 The FWM efficiency is extremely high when the pump-probe 39 detuning is kept below a few GHz and modulation of SOA carrier 40 density creates dynamic population grating and the effectiveness of 41 resultant degenerate FWM effect is determined by the spontaneous 42 carrier lifetime. The mechanism responsible for the low-efficiency of 43 
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where,  is the length of the amplifier,  and  are given as: 1 = ( ∗ − )                                                                        ( ) = ( + ∗ + ∆ ) 2                                                               ( )⁄  where, ∆  is the wave-number mismatch occurring due to the phase 2 difference between TE and TM modes in the FWM process and is 3 equivalent to [17, 22]: 4 ∆ = 12 −  (2 )                    ( ) where,  / is the phase modulation coefficient, / is the 5 confinement factor, /  is the gain, /  is the group velocity 6 and  is the pump-probe detuning. The values of these parameters 7 are stated in Table 1 [9, 17]. The net gain amplification ( / ) in 8 (dB) can be obtained using:   9 = 4.343 −                                             ( ) = 4.343 −                                          ( ) where,  / is the modal loss and / is the small-signal gain 10 related to the device current, given by: 11  12 = 1 + 21 + −                                                    ( ) = 2 +1 + −                                                      ( ) where, /  is the gain coefficient,  is the total number of 13 electronic states involved in the optical transition,   represents the 14 anisotropy magnitude and  expresses the number of electrons and 15 holes, determined by the driving current and given by: 16 =                                                                                              ( ) where,  is drive current,  is electric unit charge and  is the 17 electron-hole recombination rate. The absorption coefficient ( ) 18 and the coupling coefficient (k ) are given by: 19 = 1 − 1 + ±                                                  ( ) = − 2 ( ) ( )1 + ±                                                     ( ) A plus and a minus are chosen for  = 2 and = 1, respectively, 20  is the overlap factor,  is the spontaneous carrier lifetime and  21 is the absorption coefficient of pump-wave as  given by:  22 = − (1 − )2(1 + )                                                                      ( ) where,  represents carrier-induced index change as gain varies 23 (referred to linewidth enhancement factor). For a given value of 24 incident pump intensity ( ) and , the following equation can be 25 solved numerically using convergence analysis to obtain :  26 = 2 1 + 1 + − 1                                ( ) where,  is the pump intensity normalized to the saturation 27 intensity. The value of ( ) ( )  is constant (  independent) and 28 can be replaced by: 29 ( ) ( ) =  2(1 + )                                         ( ) The stated parameters values in Table 1 are applied in the 30 equations to plot the simulation results. The coherence lengths 31 between each complete phase cycle in the experiment and theory are 32 equal and approximately 1600 GHz in agreement with the 33 experimental findings. However, the FWM efficiency at longer 34 
wavelengths (positive detuning shift) is typically weaker than the 35 efficiency of the FWM effect at shorter wavelengths (negative 36 detuning shift) [23-25]. This asymmetry is attributed to the 37 wavelength-dependent gain compression. In addition, carrier 38 heating and carrier density pulsation effects interfere constructively 39 at negative shift and destructively at positive shift. The simulation 40 model does not take these effects into consideration which resulted 41 in a discrepancy between the simulation and experimental results at 42 positive detuning shift.  43 
3. Conclusions 44 Phase-mismatch FWM effect is experimentally observed in SOAs 45 due to the difference in mode confinement factors between TE/TM 46 polarization modes of FWM inputs. Detuned wavelength 47 components of input lightwaves experience different TE/TM 48 polarization-dependent phase shifts. This causes periodic refractive 49 index change in SOAs, resulting in a wavelength-dependent 50 polarization state and exhibiting a sinc-like behavior in FWM 51 conjugates. FWM efficiency fall-offs are attributed to phase-52 mismatch effects and determined by coherence lengths required for 53 low and high frequencies to complete a full phase-match cycle. It is 54 shown that the coherence lengths between each phase 55 match/mismatch cycle in the FWM experiments are 1600 and 56 infinite GHz. Phase-match FWM with an infinity coherence length 57 can be obtained by careful alignments of co- polarized TE/TM modes 58 of input lightwaves with respect to the birefringent axes of SOA 59 devices such that equal powers are launched into both TE/TM 60 polarizations with respect to the birefringent axes of the device 61 structure.   62 
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